The venom metering hypothesis
During the last 30 years, and particularly during the last decade, scientists have examined the snake venom delivery system by quantifying the amount of venom injected into the target. This quantification was achieved chiefly through ELISA (enzyme-linked immunosorbent assays) of natural targets and assays of protein (the main component of snake venom) from artificial targets. Analyses of the quantities of venom injected in different circumstances led to the hypothesis that snakes meter venom, meaning that the snake alters the amount of venom injected depending on such factors as the size and species of the target or the behavioral context of the strike (for a review, see Hayes et al. 2002) . Most of the limited studies of venom metering have been judiciously cautious in their conclusions; however, the popular and technical literature on snakes often presents venom metering as a well-established and nearly universal feature of snakes. For example, Rubio (1998) , in his popular book on rattlesnakes, states that "the snake controls the contraction, size of the dose, and amount dispensed by either fang. The measure injected is proportionate to the size of the prey" (p. 137). The appeal of venom metering is understandable, in that it places venom injection within a clear ecological context that is amenable to such long-standing approaches as optimization and energy budgeting (Alexander 1996) . Despite this contextual utility, and the commonsense appeal of venom metering, there remains little hard evidence to support the hypothesis. This article will attempt to explore the theoretical basis of venom metering and its support among the previous experimental studies and to offer an alternative hypothesis for differential venom injection.
As stated above, venom metering in snakes is generally described as a decision on the part of the snake that optimizes some energy-related or ecological factors. This view of venom injection encompasses, or is built upon, a suite of assumptions. The first assumption is that venom synthesis (in whatever chemical form it takes) requires enough metabolic energy that the controlled allotment of the venom into targets would represent an ecologically significant form of energy conservation (Hayes et al. 2002) . Proponents of this view frequently cite studies (e.g., Kochva 1960 , Schaeffer et al. 1972 ) that show a delay (typically of around 14 days) between depletion of venom (via milking) and maximal rates of venom synthesis. This temporal pattern of venom synthesis does not, in and of itself, demonstrate metabolic costs. The assumed metabolic costs of venom synthesis have yet to be demonstrated empirically.
A weaker form of this argument has also been advanced, which proposes that the snake must retain a certain quantity of venom in case it needs to perform multiple injections (Hayes et al. 1995) . This argument is hard to support given the experimental studies that have shown that snakes are capable of injecting multiple consecutive lethal doses (e.g., Pe et al. 1991 ) and the observations that suggest that multiple strikes (let alone injections) are rare (Kardong 1986a) . The amount of venom actually injected into mice frequently exceeds the lethal dose (LD 50 ) by a factor of over 150 (see table 1 in Hayes et al. 2002) , which renders arguments of venom conservation tenuous. Although it would deprive venom metering of its optimization allure, rejection of the assumed high metabolic or ecological costs of venom would not invalidate the venom metering hypothesis.
The second major assumption that underlies venom metering is the snake's ability to accurately assess the target (figure 1) . The existing literature suggests that this assessment Forum would operate on at least three levels: the behavioral context of the encounter (defensive or predatory), the type of target (mouse or bird), and the size of the target (mouse or rat). Previous studies have shown the importance of various cues to predatory behavior: chemosensory (Theodoratus and Chiszar 2000) , visual (Garcia and Drummond 1995) , and thermal (Grace et al. 2001) ; presumably these systems could accurately assess both target type and size. Defensive encounters result in a hormonal release in snakes (Mathies et al. 2001) , and physiological changes suggestive of neural response have been reported during stress (e.g., Stinner and Ely 1993), demonstrating that snakes can assess and respond to different behavioral contexts.
This assessment could occur after fang penetration, though the short duration of some strikes appears to preclude this, and recent evidence suggests that venom flow is coincidental with fang penetration (Young and Zahn 2002) . Thus, it seems more likely that the target assessment is completed prior to fang penetration. Although this assumption does enjoy general support from experimental studies, it is still undeveloped; there is little evidence as to precisely which sensory pathway would be used for a given target encounter, how this pathway might vary intra-and interspecifically, and the resolution limits of each sensory pathway. Rejection of this assumption would eliminate the mental processing component of venom metering and thus much of its behavioral and evolutionary appeal.
The third assumption behind venom metering is that a differential sensory assessment would lead to differential activity in the extrinsic venom gland muscles. That is to say, the snake controls how much venom to inject by ensuring the necessary contractile level of the responsible musculature (figure 1) . The invocation of decisionmaking is one of the key features of the venom metering hypothesis (see Hayes et al. 2002 for numerous examples). Since the extrinsic venom gland muscles provide the only apparent motive force for venom expulsion, differential contraction of these muscles would appear to be essential for venom metering. Kardong and Berkhoudt (1999) have speculated about some of the possible neural pathways that link the special sense organs with the motor nuclei of the cranial nerves innervating the extrinsic venom gland musculature, but to date there is no experimental evidence to support any of these connections. Young and colleagues (2000) suggested that the extrinsic venom gland musculature of rattlesnakes (Crotalus) is functionally subdivided and compartmentalized; however, differential neural activity among the muscles or compartments has yet to be demonstrated. Furthermore, there is no experimental evidence for functional subdivision within the extrinsic venom gland musculature of any other snake. Electromyographic data from the extrinsic venom gland musculature are only available from Neotropical rattlesnakes (C. durissus; Kardong et al. 1986) , and this study was not designed to explore differential activity patterns.
The causal relationship between contraction of the extrinsic venom gland musculature and venom expulsion was detailed by Rosenberg (1967) and recently explored experimentally by Young and colleagues (2000) . How this causal relationship would be influenced by differential muscle activation has not been examined across taxa. The spatial relationship of the extrinsic venom gland muscle, or muscles, to the venom gland differs among the lineages of venomous snakes (Haas 1973) . Accordingly, the extrinsic force vector arising from differential muscle contraction could have markedly different orientations among the different taxa. Would a force vector oriented parallel to the long axis of the venom gland be as efficient in producing venom expulsion as one oriented perpendicular to the gland's long axis? Does the spatial position of the external force vector along the dorsalventral or cranial-caudal axes of the venom gland alter the efficacy of venom expulsion? To date, differential contractile activity within the extrinsic venom gland musculature remains purely conjecture, and there is little experimental evidence concerning the possible functional consequences of such activation (see Young et al. 2000) .
The fourth assumption underlying venom metering is that there is a strong relationship between the neuralcontractile activity of the venom gland musculature and venom expulsion at the fang tip (figure 1). If the venom delivery system itself exerted a variable influence on venom flow, then the causal connection between assessment, muscle activation, and venom expulsion would be weakened. This challenge to causal connectivity is exemplified by the phenomenon of "dry bites," in which kinematically "normal"-appearing strikes result in no venom injection (e.g., Warrell 1996) . Dry bites could arise in at least one of two ways. The snake could assess the encounter with the target and "decide" not to activate the extrinsic venom gland musculature, or it could activate it at a level insufficient for venom expulsion. In contrast, the snake could assess the encounter with the target and activate the extrinsic venom gland muscles in an encounter-appropriate fashion, but the functional and mechanical, or mechanical only, state of the venom delivery system could preclude venom flow (see Kardong 1986b ). 
Decisionmaking
The second of these scenarios (relating to the functional and mechanical state of the delivery system) involves a breakdown in the causal connections of venom expulsion.
If the functional status of the venom delivery system could preclude all venom flow (resulting in a dry bite), it may be that a continuum of functional states in this system could result in a continuum of differential venom expulsion that is independent of the contractile activation of the extrinsic venom gland musculature. Young and colleagues (2001) examined the functional morphology of the distal portion of the venom delivery system of western diamondback rattlesnakes (Crotalus atrox), described multiple influences on venom flow, and argued for a more plastic control on venom flow. Kinematic variables, particularly the duration of fang penetration, have frequently been used to gauge the plasticity of this system (see Hayes et al. 2002) . The reliance on this variable may have been misplaced; Young and Zahn (2002) found little correlation between the duration of fang penetration and the duration of venom flow and noted that venom flow almost always terminated well before fang withdrawal. Similarly, Hayes (1992a) found little correlation between the duration of fang penetration and the amount of venom injected. Furthermore, the kinematic resolution of some of the earlier studies (which relied on standard video cameras positioned above the snakes) may be insufficient to document subtle functional differences in the venom delivery system.
Cited cases of venom metering
Several studies have shown a statistical difference in the amount of venom injected into different targets and have interpreted this difference as evidence of venom metering. It is valuable to examine these findings in light of the conceptual foundations of the venom metering hypothesis. Hayes (1995) reported that experienced rattlesnakes-which had previously struck one adult mouse-injected more venom when striking larger mice. Although these experienced snakes injected nearly twice as much venom into large (25-44 grams [g]) mice than into medium (7-11 g) mice, the large mice took 150 percent as long as the medium mice to die. Conversely, though both the naive and the experienced rattlesnakes injected similar quantities of venom into the small (2-5 g) and medium mice, the smaller mice took longer to die in each trial (Hayes 1995) . Within any size class, Hayes found no significant correlation between venom dosage and time to death (though a negative correlation was found when all the data were pooled). If venom is metered to maximize prey capture efficiency, why is there an inconsistent relationship between venom dose and time to death? Hayes and colleagues (1995) quantified the amount of venom injected by small and medium northern Pacific rattlesnakes (C. viridis oreganus) when striking at small (7-12 g) or large (23-33 g) mice. As with the earlier study, though a significantly larger amount of venom was injected into the larger mice, there was no relation between venom dose and time to death (Hayes et al. 1995) . This study also found that medium snakes injected larger amounts of venom than smaller snakes. Again, if the selective pressure behind venom metering is an optimization of the amount of venom injected, why should increased snake size result in greater venom dose regardless of the prey size? (See also Hayes et al. 2002.) Gennaro and colleagues (1961) quantified the amount of venom injected by cottonmouths (Agkistrodon piscivorus) feeding on rodents ranging in size from 10 g to 400 g. Although this study is cited as evidence of venom metering, significant differences in venom injected were only found when the largest prey were compared. If venom metering is ecologically important, why do Agkistrodon not regulate venom unless striking at prey on the upper end of their size range? This finding is particularly intriguing given that Hayes and colleagues (1995) found that Crotalus injects differential amounts of venom into rodent prey differing by only 11 g in body mass.
The studies conducted by Morrison and colleagues (1982) have been cited as evidence of venom metering. In these experiments, snakes were allowed to strike multiple, sequentially presented mice. In most species (e.g., tiger snakes [Notechis scutatus]), the amount of venom injected declined after the first strike, while in Taipan snakes (Oxyuranus scutellatus) the amount of venom increased with subsequent bites (Morrison et al. 1982 ). Other workers (e.g., Allon and Kochva 1974, Pe et al. 1991) found no change in the amount of venom injected during sequential bites. The variation in the sequential pattern of venom injection is difficult to reconcile with the ecological optimization or decisionmaking assertions of the venom metering hypothesis.
Intrinsic and extrinsic influences on venom expulsion
When does differential venom allotment reflect venom metering? Hayes has argued that to qualify as venom metering the differential venom allocation must stem from intrinsic rather than extrinsic factors (e.g., Hayes 1995 , Hayes et al. 2002 . In terms of venom injection, it is not clear exactly what qualifies a factor as intrinsic or extrinsic. The relative thickness and compliance of the prey's body is presumably an extrinsic factor, while the contractile state of the extrinsic venom gland musculature is presumably an intrinsic factor. A more detailed examination clouds this simple dichotomy. Within the fang sheath of snakes the venom delivery system expands into two prominent chambers that are located within, and defined by, the fang sheath (figure 2). Experimental analyses have shown that mechanical displacement of the fang sheath can influence venom flow (Young et al. 2001) . Since the fang sheath is passively displaced by contact with the surface of the prey during the strike, differential displacement of the fang sheath could alter venom flow through these chambers. In this way the fang sheath could be considered both an extrinsic and intrinsic factor.
Clearly there are multitudes of anatomical, physiological, and behavioral characteristics (whether viewed as internal or external factors) that could influence venom flow. Some of these are fairly overt, such as the depth of fang penetration, Forum while others, such as the density of target tissue adjacent to the exit orifice of the fang, are more difficult to document. This points to the greatest difficulty in accepting the venom metering interpretation for differential venom flow. Although investigators seem to recognize the logical necessity of treating these variables, in practice this multitude of factors is subsumed into a few kinematic variables, or, more commonly, only the duration of fang penetration. As noted above, there is empirical evidence to suggest that the duration of fang penetration is not a good indicator of either the duration (Young and Zahn 2002) or volume (Hayes 1992a ) of venom flow. Failure to quantify these relevant variables becomes particularly important in studies that compare venom dosages between live mice and artificial targets (blocks of plastic or saline-filled gloves), which have disparate surface features and homogeneity.
The pressure balance hypothesis
Is there an alternative to the decisionmaking of venom metering that could explain the differences in venom expulsion reported in the previous studies? We propose that venom injection can best be understood as the net result of three factors: motive pressure at the venom gland, pressure at the chambers in the distal venom delivery system, and peripheral resistance at the exit orifice of the fang (figure 3). The motive pressure at the venom gland arises by contraction of the extrinsic venom gland musculature. Although our model incorporates a target assessment phase that leads to (potentially) differential contraction of the skeletal muscle, such differential activation is not necessary to explain differential venom expulsion.
Venom leaving the venom gland will course through the venom duct to reach the expansive chambers located between the venom duct and fang (figure 2). During fang erection, the fang sheath becomes relatively taut, particularly along the leading edge of the fang where these chambers are located. Because these chambers are defined solely by the soft tissues of the fang sheath, the differential tension of the fang sheath that is associated with the erectile status of the fang could result in changes in the physical dimensions of these chambers.
As the sharp tip of the fang penetrates the target, the fang sheath is compressed along the long axis of the fang. The compression of the fang sheath results from the physical interaction between the momentum of the snake's head and the inertia of the target; this interaction will be mediated by the physical characteristics of the surface feature of the target and of the fang sheath (figure 4). Imagine two identical strikes launched at prey of identical inertia; if one prey item has thick compliant skin while the other has thin rigid skin, it seems obvious that the fang sheath will be displaced differently in the two strikes. Differential displacement of the fang sheath could further change the physical dimensions of the chambers within the distal portion of the venom delivery system.
As the pressurized venom leaves the venom duct, it must flow through the two chambers and the venom canal of the fang. The greater the volume of the venom chambers, the greater the decrease in venom pressure at the exit orifice of the fang. With the exception of spitting cobras (which appear to spit rather consistent quantities of venom; Cascardi et al. 1999) , the exit orifice of the fang is embedded in the tissue of the target during venom discharge. The target tissue immediately surrounding the exit orifice will resist the infiltration of the venom to differing degrees, creating what we term the "peripheral resistance to venom flow." Among other factors, this peripheral resistance will be influenced by the tissue density and homogeneity (e.g., contrast the peripheral resistance of the lung to that of the hamstring muscles), but the depth and angle of fang penetration could also be factors.
The resultant interaction between the motive force of the venom gland, the forces acting on the chambers of the distal venom delivery system, and the peripheral resistance will determine the pressure and volume of venom discharged. Since all three of these forces could vary both dynamically and in regular patterns depending on the target, differential venom delivery could result. Is there any evidence to support this model of venom delivery? Young and Zahn (2002) umented the kinematics of venom flow through the primary venom duct of C. atrox and reported regular periods of retrograde flow; this retrograde flow would be a natural consequence of the pressure in the distal venom chambers exceeding the motive force from the venom gland.
Several studies have examined venom efficiency, which is typically defined as the portion of venom expulsed that penetrates the target tissue (e.g., Hayes et al. 1992) . Relative venom efficiency has been taken as one of the key differences between the colubrid "rear fang" venom mechanism and that of the elapids or vipers (Kardong and Lavin-Murcio 1993) . Relative venom efficiency is perhaps best understood as a balance between peripheral resistance at the target and the pressure within the distal chambers. The greater the peripheral resistance, the greater the fraction of the venom likely to be discharged on the surface of the target (either by seeping around the fang or from the fang's free exit orifice after fang withdrawal), thus the lower relative venom efficiency.
This pressure balance hypothesis for venom injection could also explain the failure of some studies to demonstrate venom metering, despite using similar prey items, and, in some cases, the same species used in studies that yielded positive results (e.g., Allon and Kochva 1974 , Morrison et al. 1983 , Hayes 1992b , Young and Zahn 2002 . One of the consistent findings from the studies of venom metering is that there is a surprisingly large range of variation in the amount of venom expulsed. In their review of the subject, Hayes and colleagues (2002) cited numerous examples where the same species striking at the same target injected doses of venom ranging over 100-fold. This enormous range of variation is difficult to reconcile with venom metering. If the snakes have this much variation when striking the same target, it is hard to see how they could all adjust their venom yield to reflect a 2 g difference in prey size. Under the pressure balance hypothesis, with its emphasis on the influence of the physical interaction between the snake and the target, this range of venom expulsion is easy to explain.
By advocating the pressure balance hypothesis, we do not mean to deny that venom metering can occur. In some respects, the two hypotheses for differential venom expulsion are not mutually exclusive. There is one significant difference, however: The pressure balance hypothesis can explain differential venom injection without recourse to decisionmaking on the part of the snake. Given that no evidence of this decisionmaking has been offered in any study of venom metering, we believe that the statements regarding the prevalence and "utility" of venom metering should be made with considerable caution. Differential venom flow cannot, in and of itself, be interpreted as venom metering. William Hayes, whose work has greatly influenced the literature on venom metering, has always recognized this point and has (e.g., Hayes 1993) cautioned against the misinterpretation and overextension of these experimental studies. Unless the factors associated with the pressure balance hypothesis (motive force at the venom gland, forces acting at the venom chambers, and peripheral resistance) can be quantified or controlled, it would seem preferable to interpret differential venom flow as resulting from physical interaction alone rather than involving decisionmaking. 
